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Survey of Calculations on the Haddam Neck
(Connecticut Yankee) Power Plant as a Test
of the Risg Reactor Physics Code System

by

H. Neltrup and Per B. Suhr

Danish Atomic Energy Commission
Research Establishment Risg
Reactor Physics Department

Abstract

A summary is presented of the stationary and quasistationary calcu-
lations carried out on the first core loading of the CONNECTICUT YANKEE
ATOMIC POWER CO HADDAM NECK POWER PLANT as a test of the Re-
actor Physics Department computer code system.

The calculations described include calculations of criticality, reac-
tivity coefficients, poison coefficients, differential and integral values of
the control rod system, and power distributions during burn-up.
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Page 1. INTRODUCTION

The present report describes some of the stationary ard quasistationary
calculations carried out on the CONNECTICUT YANKEE ATOMIC POWER
CO HADDAM NECK POWER PLANT, a Westinghouse pressurized-water

8. Burn-up Calculations on the First CY Core Loading ......... 4)

8.1. Investigations of Poison Coefficients to be Used in

DBU Burn-up Calculations .........cceecerennenccees 4 reactor with a thermal power level of 1825 MW, (600 MW gross electrical).

8.2. Critical Boron Concentrations during Burn-up ........ 42 The purpose of the project was to verify parts of the Risg reactor

8.3. Plutonium Production during Burn-up ................ 42 physics computer code system, not only with regard to calculations of core
9. Conclusions ...... teeecsesassscscnns ccecnas cienene ceceons 51 performance, but also to obtaining experience with the system used on cal-
Acknowledgements ..........c00000000. ceacee cetecsssscesscas 57 culations with safety aspects as reactivity coefficients, differential and in-

tegral values of different groups of control rods, and boron worth.

References ........ ceeeseecscesecsessaccansnsans ceccnce cecene 58 The Westinghouse Connecticut Yankee was chosen as a literature study
Appendix .............. R R ceviieraeaeaa.. 6 had shown this reactor suitable because of the accessibility of information
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The Risg code system in its present version has previously been tested
against calculations on the DRESDEN boiling-water reactor’ 9,

on geometrical data, composition, measurements, and calculation results'

2. THE RIS@Y REACTOR PHYSICS COMPUTING PROGRAM SYSTEM

The codes described below are coded for the Risg Burroughs Computer
B 6700.

Fig. 2. a shows those parts of the Risg reactor physics code complex
which are of interest for the calculations described in this report. In the
following a short description of the modules shown in the figure is given.

A more detailed description and verification of the code complex are given

in refs. 7-11,

2.1. The Data Libraries

Two main sources with detailed cross sections are used; the UKNDL

12-13) and the RESAB'?) resonance parameter

1968 nuclear data library
library for resonance nuclides in fuel, control absorbers, burnable poisons
and important fission products.

The first processing step is performed by the program SIGMA' 5) built
over the same pattern as the UK program GALAXY. As this step is very
time-consuming, it was foundnecessary to establish a library, the SIGMA
MASTER TAPE' &)

At present it contains fine group cross sections for 126 isotopes including

, containing fine group cross sections produced by SIGMA.

78 fission products.



2.2. Self-shielded Cross Sections

Parallel processing of self-shielded, temperaiure dependent group
cross sections is performed by the RESAB program system, either by
semianalytical methods e. g. when calculating statistical region and p-wave
contributions, or by numerical methods similar to those used in the UK
program SDRl 1) involving multiregion collision probability methods in
several thousand energy groups. In the important resolved region this
method effectively copes with the spatial effects and also with the overlap
of several resonance nuclides.

In many cases, however, sufficient accuracy can be vbtained by means
of a suitable equivalence principle combined with interpolation in tabulated
group resonance integrals precalculated by RESAB. Interpolation param-
eters are temperature and excess scattering.

Resonance overlap corresponding to a suitable standard concentration
of the three nuclides 235U, 238U, and 239Pu has been incorporated in the
tables. Simple concentration dependent overlap corrections‘ 8) are made
on the interpolated value. Tkis procedure has been included in the sub-

routine RESOREX' 9.

2.3. The Group Structure

It is important in the fine group set produced by the first processing
step to have a sufficiently fine structure so as to make the group cross sec-
tions insensitive to variations of the spectrum since only its coarser fea-
tures are known at this stage.

In the resonance region, however, improved accuracy and reduced
number of groups may be obtained as reported in ref. 18 by choosing
broader groups in which the dominant resonances are either situated in the
centre of or evenly spaced in the lethargy interval of the corresponding
group.

On the basis of these considerations a 76-group system was set up.
The structure of the 35 thermal groups was taken over directly from the
LASER codeg) . The main feature of this well-known group set is the

239 240

clustering of narrow groups around the 0.3 eV Pu and the 1 eV Pu

resonances,

2.4. Condensation of Cross Sections

The program complex CRS' 1) uses fine group cross sections from the
master tape and RESAB or RESOREX and supplements with thermal scat-

-1 -

tering matrices from the subroutine NELKIN SCM. CRS calculates the fine
group spectrum either in a specified homogeneous medium or in the sub-
routine GP by use of multiregion collision probability methods in a specified
cylinder or slab cell.

The GP routine may also be used as an independent program and is
used as such in connection with control rod calculations (see fig. 2.a).

The fine group spectrum is used to condense cross sections in energ)y
and space to a prescribed group structure.

For use in the box program CDB, the 76 groups are condensed to 10
or 5 groups respectively for the pin cell collision probability routine and
the diffusion theory overall box calculation.

2.9. Fuel Box Calculaticns

The fuel box code CDB9) may handle fuel pins of different radii and
compositions, non-burnable regions, e.g. water gaps, control rods of
circular or rectangular shape, and burnable poisons. The program com-
bines the unit cell flux distribution and burn-up calculations (collision prob-
ability calculations) and a two-dimensional diffusion theory flux solution for
the fuel element (and its surrounding water gaps;, yielding power distri-
butions, isotopic concentrations, box average cross sections, etc., as func-
tions of the burn-up.

The collision probability calculations are carried out in regions speci-
fied as pin cells and characterized by a number of concentric subregions
provided with multigroup cross sections, in most cases 10-group cross
sections,

The reflection of neutrons on the surface of the pin cells is adjusted by
an iterative process to match the in- or out-leakage through the surface as
determined by the overall (box) flux,

From the cell fluxes calculated in this way homogenized and condensed
few-group - in most cases 5-group - cross sections are calculated for use
in the overall diffusion theory box calculations.

Other regions such as control rods, water gaps, holes, and shrouds or
a combination of these are specified as homogeneous regions and are pro-

" vided directly with few (5)-sroup cross sections for diffusion theory calcu-

lations.

When by iteration between pin cell and box overall calculations a suf-
ficient degree of convergence has been obtained, homogenization and further
condensation based on the box-overall calculation is carried cut to derive



-8 -

effective few-group - in most cases 2-group - cross sections for the entire
box.

Burn-up calculations may be performed on the 10-group level in all
fuel bearing pin cells and detailed information on isotope compositions as
well as homogenized few-group cross sections for the entire box may be

printed out and punched on cards at every burn-up step.

2.6. Overall Calculations

The program DIFF 2D solves the diffusion theory equation in (x,y) or
(r, z) geometry by difference methods. The DBU programg) uses the same
diffusion theory routine as DIFF 2D and is able to perform overall burn-up
calculations in two Jimensions. Cross sections are derived from inter-
polation in tables generated by CDB.

The SYNTRON program7' 20

using 2-dimensional trial functions produced in the program by a routine

) is a 3-dimensional flux synthesis program

which is very similar to DIFF 2D. In not too complicated cases two trial
functions are used, and axial mixing functions are found by an iterative
scheme,

Both diffusion theory programs usually work with 2-group cross sec-
tions produced by CDB.

In addition to the usual boundary conditions Y-matrices can be used.
These are produced by HECSZI ) which by means of collision probability
methods in slab or cylindrical geometry calculates the linear relationship
on a suitable surface between the current in each group and the fluxes in all

groups. The cross gections used in HECS are generated by the CRS program.

2. 7. Adj}l_stments and Fitting

The primary object with the cross section generating system has been
the making of reliable calculations on light-water reactors, However, no
special effort to fit the data for this purpose has been made so far, except
for a certain ad hoc correctionzz) of the resonance absorption of 238U,
which will, as is well known, be too high if based exclusively on differential
data.

kR A SR A T T s T

t K\DL
1 version
tail cruss sections
G RESARB
roup croas sections for special LIBRARY
SIGMA o purpouses, RESAB
¢.p. Legendre mumen Resovnance
parameters
SIGMA
Input: MASTER TAPE
_ T6-group control
76-group cross sections material cross sectiuns

11

5- and 2-group
cross sections

Input; .
bﬁTdﬂa 5-group Y-matrices
, form factors, power distri
e jons, sotope compositions

2-group Y-inatrices
for overall calculations

2-yroup cross sections fur overall programs,
ay be tabulated after void, burn-up, and power

?

Input: Input;
core geomet™ DIFF 21 SYNTRON core=€y{ DBl
gevmetr)]

k_,, flux, power ] K _ 0 -nux, power I« , flux, power
Td ributions, 1 df“ributiuns, dﬁ“rihuuuns,
form factors form factors form factors, burn-up

Fig. 2.a. Parts of the Riss reactur physics code system used in the
CY calculations.
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3. DESCRIPTION OF THE CONNECTICUT YANKEE REACTOR

The Connecticut Yankee reactor is a pressurized-water reactor with a
present licensed thermal power level of 1825 MW, (600 MW gross electri-
cal) increased from 1473 thh (490 MW gross electrical) in March 1969,
Core loading started on 1 July 1967, and criticality was first achieved on
24 July in the fully loaded core. The plant is located near Haddam, Con-
necticut, U.S. A., on the east bank of the Connecticut River.

The reactor plant and the turbine generator and various auxiliary equip-
ment were designed and supplied by the Westinghouse Electric Corporation,
The Stone and Webster Engineering Corporation was responsible for site
development, design of buildings, secondary systems, and plant construc-
tions, Below follows a short description of reactor components and charac-
teristics of interest in connection with the calculations described in the
present report, For detailed plant descriptions, reference is made to the
CY Facility Description and Safety Analysis] ),

3.1. Reactor Core

The reactor core approximates a circular cylinder with an equivalent
diameter of about 127 inches and an active height of 122 inches., It is made
up of 32028 SS304 clad fuel rods containing 74. 8 metric tons of slightly
enriched uranium in the form of pressed and sintered U02 pellets. The fuel
rods are located on a square pitch in a 15x15 array to make a fuel assembly.
Some of the fuel rods are omitted to allow installation of 20 control rod
guide tubes which accept the movakle control rod clusters. In addition the
central fuel rod is omitted from each assembly, resulting in a total of 204
fuel rods per element (fig. 3.1.a). The fuel element (shown in figs, 4.1-2
of ref. 1) is of the canless type. The control rod guide thimbles and the
instrumentation thimble constitute the basic assembly, The construction of
a fuel element is the same whether or not a rod cluster control assembly
will be utilized, as the main support structure of the element is in both
cases obtained by welding the twenty rod cluster control guide tubes to seven
Inconel-718 grids and to the top and bottom nczzles. The fuel rods are sup-
ported laterally by the Inconel spring clips of the grid assemblies in such
a way that each fuel rod is free to expand and contract both axially and
radially without bending, as its temperature changes.

The core contains 157 fuel elements divided into three concentric
regions of 3,00, 3.24, and 3.67 w% 235U enriched uranium. The inner

- 11 -

0=
'"hU and the two outer

region consists of 53 fuel elements at 3.00 w%
regions contain 52 fuel elements each (3. 24 w% and 3.67 w%) as shown in
fig. 3.1.b.

When the core is refuelled, spent fuel will be removed from the central
region of the core. Fuel from the intermediate and outer regions will be
moved inward, and fresh fuel (enrichment 3. 67% at the first refuelling -

otherwise 4%) is loaded in the outer region.

3. 2. Reactivitz Control

The control system consists of 45 rod clusters, each clustier containing
20 control rods made of a silver/indium/cadmium alloy sealed in stainless
steel (SS304). This alloy is almost black to thermal neutrons and has a
resonance absorption that significantly increases its reactivity worth,

As seen from fig. 3.2.a the control rod clusters are divided into four
groups, two control groups (A and B) and two shutdown groups (C and D).
The control groups are partly inserted in the core at power and are used to
compensate for reactivity changes associated with changes in operating con-
ditions. The reactivity controlling values of the four groups are approxi-

mately (Hot Zero Power condition):
A: 2.7% 3k/k
B: 1.8% ak/k
C: 2.0% 3k/k

D: 1.1% 8k/k

Reactivity control is provided by the control rods described above and
by a soluble chemical neutron absorber (in tke form of boron acid) in the
reactor coolant/moderator. The concentration of the boron is varied from
about 0 to 2500 ppm during the core life in order to compensate for changes
in reactivity arising from changes in the coolant temperature from cold to
Hot Zero Power (HZP) conditions and changes originating from fission
product poisons (including Xe and Sm) and losses due to fuel burn-up. The
control rods are used for shutdown, reactivity changes caused by pro-
grammed increase in the average coolant temperature above the HZP tem-
perature, and reactivity changes occurring as a result of the power coef-

ficient of the reactor,
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4, CY CORE CHARACTERISTICS

l A selection of data for the CY reactor has been compiled and prepared2 3).
Some of the data are present:d in this report. On the basis of the funda-
O 1 l mental data‘ -5) quoted below, the number densities and dimensions given in
o) o) X tables 4.1.a-4.1. c were calculated.
® O ® 4.1. Fundamental Data
X a) Asymptotic fuel cell, geometrical data, 20°C dimensions, inches:
o) ® 0 Outside diameter of SS-clad tube 0.422
o SS-clad thickness 0.0165
Diameiric gap 0.0055
O Q ® O
Pellet diameter 0. 3835
o Rod pitch (square) 0. 563
o ® 0 Active fuel length 121.8
X . ~b) Temperatures used in calculations of hot dimensions, °F:
® 0 (o) Zero power 255
X (0 | (o) X Hot zero power 550
r
0 fuel, av. 1355
Hot full power 4 clad, av. 605
mod., av. 568
® ] c) Pressures used in calculations of number densities of boron and
Cluster in control group B (12 clusters) moderator, psia:
Zero power 425
O | Cluster in control group A (17 clusters) »- Hot zero and full power 2165
d) UO, densities, 20°C, g/ cm®;
235
O | Shutdown control cluster, group C (8 clusters) 3.00 wh " U 10.30
3,24 wh 23U 10. 30
3.67 wh 22°U 10.19

X | Shutdown control cluster, group D (8 clusters)

R,

I"l ', '{ [ I M R S . . - PR i
Lo 3.Coas Connecticat Yankee,  Subdivision of control clusters. '



f)

g)

h)

J)

Inconel.
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Cladding material: 5S304. Composition: 19% Cr, 10% Ni, 711% Fe
(standard composition24)). Density] _2): 0.289 1b/in3.

Coolant/ moderator material: H,O.

H,O densities as functions of temperature and pressure were calcu-

lated from the data given in ref, 25.
Boron-10, measured concentrations): 19.5% To. 5% (atom per cent).

Control cell. Control rod
material: Ag/In/Cd, density: 10.22 g/cm

- . O .
Dimensions, 20 °C, inches:

Guide tube and cladding mategé?lz SS304.
3

Inside diameter of guide tube 0.519
Thickness of guide tube 0.012
Radial gap 0.0395
Outer diameter of SS-clad tube 0. 440
SS-clad thickness 0.0195
Diametric gap 0.0035
Control rod diameter 0.3975

Material specification: In 718.

Composition: 0.04% C, 19% Cr, 18% Fe, 0.6% Al, 0.8% Ti, 5% Nb,
3% Mo, 53.56% Ni (standard composition of In 718 - ref, 12)

Density: 0. 297 1b/in> (refs. 1, 2)

Total weight of Inconel in core: 1800 lbs.

Overall dimensions, 20°C, inches:

Max. core width 15x8.466 126, 99
Max. inside baffle width 127,02
Thickness of baffle 0.50
Core barrel inner diameter 131,25
Thickness of barrel 1.78
Thermal shield inner diameter 137,60
Thermal shield thickness 4,00

o MSBAR  B  R it 550 s G
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Pressure vessel inner diameter 154.00

Pressure vessel thickness 11.00

As mentioned earlier the data presented formed the basis of the cal-

culation of data given in tables 4.1.a-c.
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Table 4.1.0b

Fuel cell data
Gap and cladding homogenized, lnconel included in cladding, box water

Table 4.1.a gap included in eq. radius of the fuel cell
Arymptotic fuel cell data Zero Hot Hot
Cold power zero full
Cold Zero Hot ot _power power
power zero full
. we Dimensions (cm)
wer r
po po | Outaide rad. of fuslpellet 0.487045 0487447  0.483082 0489810
Temperature (°C) | Outside rad. of SS-clad tube | 0.535940  ©0.536931  0,538492  ©,538778 |
Toel %0 24 288 735 | Eq. outside rad. of fusl cell 0,808808 _ 0.810303 _ 0,812660 __ 0,812804
Number density (1 02‘ At/ cmsL
Cladding 20 124 288 318 _ 235
Region 1 U 0. 000697983 0. 000696257 0. 000633546 0. 00068622
Moderator 20 124 288 298 Enrichment: 238y 0.0222830 0.0222279  0.0221414  0.0219078
.00 wio 22U o
bi ,
imensions (cm) Region 11 235y 0.00075381 0.000751955 0.000749027 0.000741125
Outside rad. of fuel pellet 0.487045 0.487447 | 0.488082 | 0.489810 | Enrichment: 238, 0.0222278 ©0.0221728  0.0220865 0.0218535
‘ 235 .
.24 w/o U Q 0. 0459635 0.0458496 0.045671)  Q.0451833
Eq. outside rad. of gap 0. 494030 0.494944 | 0.496383 | 0.496646 235
Region ITI U 0.00CE44738 0.000842649 0.000839368 0.000830513
. 238
Outside rad. of SS-clad tube | 0.535940 0.536931 | 0.538492 | 0.538778 Enrichment: u 0.0218926 0.0218384 0.0217534  0.0215239
1o 25y o
Eq. rad. of fuel cell 0.806802 0.808293 | 0.810645 | 0.810788 Ne, 0.0168918 0.0168002 0.0166572  0.0166256
Cladding, Ny 0.00998805 0.00993593 0.00985429 0. 00982995
Number density (1024 At/em’) »o Mn. Npe 0.0538828 0.0535862 0.0531229 0, 0530354
Cr 0.0176031 | 0.0175059 | 0.0173540 | 0.0173264 Ner 0.0168918  0.0168002 0.0166572 0.0166256
, Cladding, Ny 0.00998805 0,00993593 0,C0985429 O, 00982995
Cladding Ni 0.00820747 | 0.00816214 | 0. 00809132 o.oosovusr 1
1.76% Mn. Npe 0.0525873  0.0522978  0.0518456 0. 0517602
Fe 0.0612574 | 0.0609150 | 0.0603905 | 0.0602944 Ny 0.00131702 0.00130974 0.00129838 O, 00129631
Ny 0,0667520  0,0627729 _ 0.0500931 0.0487852
Coolant/ No 0.0333760 0.0313864 0.0750466 0.0243926
moderator -6
Ng10/(ppmx10"°){0.0108413  0.0101950  0.00813569 0.00792327
NBnﬂppmxlo'“) 0.0447550 0.042087!1  0.0335858 0.0327089

o S
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Table 4.1 .c¢

Control cell data

Cold Zero Hot Full
power Ixro power
power
Dimensions (cm)
| Ag-In-Cd control rod rad. 0.504825 [0.505907 |0.507613 0.507717
Eq. outside rad. of gap 0.509270 }0.510211 10.511695 0.511786
Outside rad. of SS-clad tube 0.558800 |0.559833 |0.561461 0.561561
Eq. outside rad. of gap 0.659130 0.660348 FO. 662269 0.662386
Outside rad. of guide tube 0.689610 0.690884 ]0.692894 0.693017
Eq. rad. of fuel cell 0.806802 ]0. 808293 ]0.8610645 0.810788
Eq. cell rad. incl. box water gap| 0.808809 ﬁ) 810303 IO_ 812660 0.812804

Number densities (1024 At/cm3)

0.0456492 IO. 0453569

» N‘iﬂ 0. 449010 0.0448734
Nln 0.00804187])0. 00799038'0. 00791007} 0.00790521
NCd 0.00273808 lO. 00272055k. 00269320} 0,00269155

5. CRITICALITY CALCULATIONS

As a first verification a calculation of the effective multiplication fac-

tor for the reactor condition ZERO POWER (ZP) with a coolant boron con-

centration of 2040 ppm was carried out,

According to ref. 4 this boron

concentration corresponds to the ""All Rods Out" critical condition for a

clean core at 2600F, (pressure 435 psig).

The basic cross sections used in the calculations were obtained from

the SIGMA MASTER TAPE. Briefly described the calculations consisted

of the following steps:

]o

Condensation to 10-group microscopic cross sections for unit fuel cells
with the enrichments 3.00, 3.24, and 3.69%. The fuel cell data used
in the calculations were obtained from table 4.1.b, which means that
the fuel/cladding gap and the cladding were homogenized. Further-
more the Inconel grids were assumed to be homogeneously distributed

in the cladding material without affecting the cladding volume, (CRS).

Condensation to 5-group macroscopic cross sections for watec-filled
control rod guide tubes surrounded by a water layer. In the calcu-

lations this geometry was surrounded by a homogenized fuel cell layer,

(CRS + GP).

Generation of 2-group cross sections for fuel elements of different en-

richments based on the cross sections from points 1 and 2, (CDB).

Condensation of 76-group cross sections to 2-group cross sections for
core baffle and the reflector composed of alternating layers of stainless

steel and boron poisoned water, (CRS + GP).

On the basis of the 2-group cross sections from points 3 and 4 an over-
all two-dimensional calculation of keff was performed. The core baiffle
was explicitly represented in the calculations (previous experience
from Yankee Rowe burn-up calculations - ref, 9). A totalof 71 x 71

mesh was used in the calculations on a quarter of the core, (DIFF 2D).

Details on the core geometry representation and mesh structures used

in the calculations are given in ref, 27.

No information was available on the Mn content in the SS304 used in

CY, but analyses of SS304 reported elsewhere seem to show Mn contents of
1.6-1.8%. A Mn content of 1,74% was chosen in accordance with ref, 28,

The result of the criticality calculations described above was

keff = 1,0058,



(@)
o
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There can e a lot of reasons for the deviation (0, 58%) from unity, and
no special effort was made to investigate them. The uncertainty in the
stainless steel S5304 (standard composition) results e. g. in a variation in
Kopp of more than 0.5% 3k/k. As an example it can be mentioned that cal-
culations showed a variation in keff of 0.41% 3k /k per % Mn in the cladding,

The effect of a few approximations in the calculations was, however,
investigated. In the first step in the calculations (CRS), the fuel cell was
homogenized before the spectrum calculations. This approximation intro-
duced an error of only 1 ofoo d/k and correspondingly small errors in the
isotope concentrations during burn-up.

Calculations on the HZP condition of the reactor showed that the over-
all 2-group representation was sufficient. A comparison between an over-
all 2-group and a 5-group calculation showed no difference in the value of

k to four decimals,
eff
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6. CONTROL ROD WORTH. DIFFERENTIAL AND INTEGRAL VALUES

The reactivity worth of different control rod groups was calculated
using three-dimensional diffusion theory.

For these calculations homogenized 2-group cross sections have to be
produced ior the fuel boxes with and without control rods inserted.

The generation of cross sections for the unrodded fuel boxes, core
baffle, and the reflector has already been described.

Cross sections for the control material consisting of a silver-indium-
cadmium alloy pose special problems because of the strong resonance

character of the absorption in these components.

6.1. Calculation of CDB Cross Sections for Control Rod Cells

The calculations are carried out in the following steps.

First the Dancoff factor for a control rod super cell inside the smallest
dotted square indicated in fig. 6.1.a is calculated. Apart from the control
cell with control rod, cladding guide tube and associated moderator, the
super cell contains fuel, cladding, and moderator from a total of 3 fuel
elements. Dimensions and densities are taken from table 4.1.c.

The super cell is transformed into an equivalent cylinder as shown in
fig. 6.1.b. The fuel is arranged as an outer annulus with the cross sec-
tion 2;.:.

The annular region between the fuel and control rod contains the hom-
ogenized moderator present in the super cell, yielding the cross section
5 S

m

cladding as well as from the guide tube is homogenized, giving the cross

, and into the same region the stainless steel from fuel and control rod

section an.

The cross sections 8?, xfn, and Efn are based on the potential scat-
tering cross section of the fuel, the moderator, and the stainless steel
respectively.

From these cross sections and the geometry of the equivalent cylinder
cell the Dancoff factor, dc, for the control rod is calculated with the as-
sumption that the nuclides in fuel and cladding are infinitely heavy. This
assumption is reasonable because the main part of the control absorption
is due to broad resonances at low neutron energy.

The calculations are carried out in a small program, CRDC, using the
formulas derived in the Appendix,

The control rod contains four different types of resonance absorbers,



b4

ag, In, Cdg, and Cdy o, the two last-uientioned nuctdes with spin 0 and
e
1/2 have to be treated sepurately becuuse of the difterence in spin.

For each absorber a vulue, 5, of the effcctive excess scattering cross

section per abscrber nuclide is calculated by CRDC according to the formula:

S=a/(2x Rox N,

dps

).

where Rc 1s the radius of thie control red and I\‘-’_1 the atom density in the

bs
The guantity a is calculated according to

rod of the absorber in auesticn.
formulas 2.2 and 3.1.2 in ref, 19,

For each absorber a gquantity PSHIIT, which is the total slowing down
power in the super cell per atom of the absorber in question, is calculated.

For each absorber nuclide 7T6-group cross sections are calculated in
RESAP Resonance parameters from the RESAB library are used in this
calculation, which is performed by the semianaiytical LINK ALFA method
with S and PSHET as parameters except for the strong low energy reson-
ances, which are calculated in exact slowing down tiieory, involving a large
number of fine groups.

The individual absorber cross sections are then combined into a macro-
scoplic Tb-group cross section set for the control rod,

Tius procedure is justified where no significant interaction takes place
betweeir the resonances of the fuel and the control absorbers and between
the resonances of the individual control asbsorber nuclides,

A new super cell is set up inside the large dotted square in fig, 6.1.a
containing now the control cell and its eight nearest neighbouring fuel pin
cells.

In fig, 6.1,c an cquivalent cylinder representation is sinown, where the
eight fuel pin cells are homogenized into the cross-hatched area surrounding
the controil rod cell.

76-group cross sections for the remaining materials, i, e. homogenized
fuel pin cell material, moderator, and cladding, are provided by CRS.

The 76-group flux in the super cell is calculated by the program GP
and used to produce homogenized and condensed 5-group cross sections for
Finally the CDB code

produces homogenized 2-group cross sections for the control rod bearing

the control rud cell for use in the CDB fuel box code,

fuel boxes.

B A i m i ot

6.2. Overall Calculations

A detailed mesh structure of two horizontal cuts through the reactor,
very similar to the one used in the earlier described overall calculations
in two dimensions, was set up for the SYNTRON calculations,

In those calculations two trial functions were generated, one in a hori-
zontal cut with the movable control rods out, and one with the rods present,

A first SYNTRON calculation of the reactivity worth of control group A
with group B present in the core (see fig. 3. 2.a) gave very poor results as
compared with the experimental value.

It is assumed that the reason for this is the restriction on mesh points
imposed by SYNTRON.

A two-dimensional calculation using 50 x 50 mesh points as compared
with 39 x 39 mesh points in SYNTRON gave improved results.

In order to save meshes the core baffle and reflector were replaced by
a boundary condition in the form of a Y-matrix.

Detailed 2-group cross sections for the various layers of steel and
water constituting the reflector and core baffle already existed, and it was
possible with the program HECS to calculate a 2-group Y-matrix corre-
sponding to a detailed slab geometry representation of core baffle and re-
flector.

The effect of the introduction of this Y-matrix was rather spectacular
as summarized in the following,

Total reactivity worth, 3k/k, for

control rod group A

1. Measured value 0.0274
2. DIDD 2D, 2-dimensional

Full reflector, 50 x 50 mesh 0.0256
3. SYNTRON

Full reflector, 39 x 39 - 0.0366
4, DIFF 2D, 2-dimensional

Y-matrix, 45 x 45 - 0.0268
5. SYNTRON

Y-matrix, 23 x 23 - 0.0266
6. SYNTRON

Y-matrix, 38 x 38 - 0.0274
7. SYNTRON

Y-matrix, 45 x 45 - 0.0276
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It is seen that even a rather coarse mesh combined with Y-matrix gives
an acceptable result. This indicates that the real trouble is that of obtaining
a sufficiently fine subdivision in the rather complicated region outside the

core,

6.3. Results

As a reasonable compromise between accuracy and computing speed
the remaining calculations with SYNTRUN were carried out with Y-matrix
in combination with 38 x 38 mesh points.

The following results were obtained:

Control rod group Total reactivity worth dk/k
Measureds) Calculated
0.0274 0.0274
B 0.0180 0.0202
0.0110 0.0112

In figs. 6.4.a and 6.4.b are shown curves for the differential and

integral control rod values respectively for group A with group B in core, Fig. 6.1.a. Dancoff factor calculation. Control rod super cell.

and for group D with groups A and B in core,.

Mixed NR-scatterer
(HzO) and WR -

scatterer (cladding) R3] = 1.6213

WR -scatterer (UO,) R[2] = 1.3834

Absorber (CR) R[1) = 0.5076

Fig. 6.1.b. Dancoff factor calculation. Equivalent cylinder,



Fig. 6.1.c.

condensed

Homogenized fuel lattice

Control rod
CR - cladding

0.8106

RCR cell
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*
0.0.
OO0
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..0.0
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.0

.0
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()
..
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()

R =2.4319
H,0
Guide tube

Super cell geometry used to produce homogenized and

3-group cross sections.
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7. CALCULATIONS OF REACTIVITY AXND POISON COEFFICIENTS

7. 1. Calculation of Moderator Temperature Coefficients. No Spectrum

dk/k
(«10°)

100

i fiects lIncluded

out uof cure.,

Rod bank

HZP control rod worth, bank D,

4. b,

6L,

Rod banks \ and B in cure.

Fag,

< 200

L
320
(120 in)

In the first series of calculations of the moderator temperature coef-
ficients, %-1(1 Jot, at the reactor condition HZP, the spectrum variation in

the condensed 10-group microscopic cross sections arising from a variation

280

+ +
in the temperature of - 10°C (- IBOF) from the nominal temperature 288°C

(1 550°F) was not taken into account, Only the density effect was considered.

:‘q The calculations were performed with boron concentrations of 1500, 2000,
:« e E and 2500 ppm. The necessary data were obtained from ref. 23. The cal-
=3 B 8 culations were carried out at the ""All Rods Out" condition.
'g.. - As no spectrum effects were included, the 278° and 298°C cross sec-
: tions us'e(;i in CDI? ]were obtained by changing the density of the moderator
g" g (H, O, "B, and B).
The calculations at the three temperatures (2880 and 288° ¥ IOOC)
o a — followed the steps described in chapter 5.
® o 8 g Box values (5-group calculations) and overall calculations (2-group
% -g ° calculations) of the moderator temperature coefficients are shown in fig.
as 7.1.a.
o£ o Fig. 7.1.b shows a comparison between Risg overall 2D-calculations
N of the moderator temperature coefficient and the Westinghouse 1 D-calcu-

lations with LEOPARD and AIMS (ref. 2). The same figure shows the
results of measurements for different reactor conditions. As will be seen
it is difficult to compare measurements and calculations because the cal-
culation condition is an ""All Rods Out' fresh core. The measured "All Rods

Out" curve corresponds to different levels of core burn-up, while the"fresh"

80

(30 in)

Westinghouse measurements
—o— Riss 30 calculations with SYNTRON

curve corresponds to control groups partly inserted in the core. The pos-

&0

itions of the control rod groups are specified in ref. 5.

7.2. 2000 ppm Moderator Temperature Coefficient. Spectrum Effects

)
200

Ditferential
reactivity

o Included

1.00 |-

For an estimate of the importance of the spectrum effects, the next

series of calculations covered calculations of the moderator temperature

Ok/k
-¢

coefficient at a concentration of 2000 ppm, taking spectrum effects into

Step

account. This means that the microscopic 10-group cross sections for the

(

fuel cells of different enrichments had to be calculated with CRS at the tem-
peratures 278, 288, and 2980C, keeping the fuel temperature at 288°C.

Al 5



As seen from fig. 7.1.a the value of the coefficient increased from 0. 62 x

1074 10 0.69 x 107 $/at (°F7).
7.3. Leakage Dependence of the Moderator Temperature Coefficients

From fig. 7.1.a it is seen that the neutron leakage plays an important
role for the value of the temperature coefficients, For this reason a third
series of calculations was carried out (2000 ppm, spectrum effects included)
where the number of groups in the overall calculations was raised from 2
to 5.

the coefficient.

As seen from the figure this introduced only a minimal variation in

7.4. Doppler Coefficients

The Doppler coefficient defined as the change in reactivity per degree
The Westing-
house spectrum calculation results were obtained with LEOPARDz). The
Risg calculations were carried out using CRS/GP/CDB/DIFF 2D. Calcu-
lations showed - as expected - that the difference between CRS values of
the Doppler coefficient and the coefficients using CRS/GP/CDB/DIFF 2D

As seen from the figure a single value of the coefficient was

5
of the effective fuel temperature”) is shown in fig, 7.4.a.

was minimal.

calculated, using the more exact RESAB code.

7.5. Poison Coefficients

Fig. 7.5.a shows the results of Risg calculations of reactor coolant
boron wcrth, - -lazl-{- /3ppm, versus boron concentration at start of life, The
same figure shows the Westinghouse calculations and measurements of the
same quantity. These measurements were made in conjunction with control
rod bank worth measurements so that a reactor coolant dilution or boration
was maintained while a control rod bank was inserted or withdrawn to

sustain criticality, An inherent difference exists between the measured

and the calculated worth curves on account of the methods by which the worth

is obtained. The measurements necessitate rod banks to be in core and
changing in height over the measurements, while all calculations are "All
Rods Out'' calculations.

DBU uses tabulated cross sections calculated with CDB, tabulated as
functions of initial enrichments, burn-up, and power densities. During the
DBU burn-up calculations the reactor is held critical by poison cross sec-
tions, Different poison cross sections may be used in the different regions

of the reactor, and criticality is maintained by multiplying all poison cross
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sections by an eigenvalue parameter a. If poison coefficients (az_f_s/appm)
are used in the different regions, the critical a-value at a curtain\lbum-up
level is 1dentical with the critical coolant boron concentration, This means
that the poison coefficients must in principle be known as functions of initial
enrichment, burn-up, and boron concentration levels.

As described in chapter 8 three different types of burn-up calculations
were carried out on the first CY cere loading in order to investigate how
detailed the specification of the poison coefficients should be for satisfactory

results to be obtained:

)

Constant values (independent of enrichment, burn-up, etc,) of the

poison coefficients specified in two energy groups:

B -7 -6
3z foppm = 1.25x10° 7, az?z/appm = 2x10°,
B o -7 B A
b) ox_, fappm = 1,25x10 ', azaz/appm = f {initiai enrichment,
burn-up).
B - -1 EB s .
c) 0L /oppm = 1,25x10 °, 9 az/appm = f (initial enrichment,

burn-up, pp:n con-
centration level).

The vaiue of az?z/appm used in cases b and ¢ was cbtained from fig.
7.5.b, Risg calculations of HFP values of poison coefficients versus ppm
concentration, enrichment, and burn-up. The values of 3252/6 ppm as used
in the DBU calculations, case b, - obtained from fig, 7.5.b assuming a
linear dependence - are shown in fig, 7.5,c¢. Similarly the coefficients
used in the DBU calculations, case ¢, are given in figs. 7.5.d-e. Two ppm
puison levels (500 and 1500 ppm) were used,

Detailed information on the CRS/GP/CDB calculations of the coefficients
is given in ref, 29, As a general remark it should be mentioned that in-
vestigations showed that the coefficients could be calculated without taking
into account the spectrum variation arising during burn-up, which means

that the CRS microscopic group cross sections used in CDB were calculated

with densities corresponding to BU = 0.

S B e R s
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8. BURN-UP CALCULATIONS ON THE FIRST CY CORE LOADING
dZa WO ppm

* (.m worth versus burn-up and tal tuel enrvichments, 501

O,

Fie. Voo d. HEP Y0 ppun values of coolant boron

Investigations of Poison Coefficients to be Used in DBU Burn-up

19

Calculations

Ref. 5 describes measurements of the relative power sharing of each
17 F fuel assembly. Figs. 8.1.a-b show the results of measurements at 2030

and 9850 MWd/tU. Furthermore the figures show mean values of measure-
ments in symmetrical positions, which were compared with Risp CRS/GP/
CDB/DBU calculations at a power level of 1465 MWT with poison coefficients
as defined in a, b, and ¢ in 7.5, For small burn-up values (2030 MWd/tU),
the agreement between measurements and calculations is within a few per

cent in all three cases, Case b is shown in fig. 8.1.c. For higher burn-up

values (9850 MWd/tU), the agreement between measurements and calcu-

lations is satisfactory in case a (constant values of azf/a ppm), but much

better in cases b (fig. 8.1.d) and ¢, where the agreement is very good.
No measurements at high burn-up values (18, 000-20, 000 MWd/tU)

69 MWdAU . ) . N
| A " - were available, but comparison between Risg calculations in fig. 8.1. e
0 5000 10000 15000 shows a marked discrepancy (up to 20%) between power distributions cal-
0Xa 2/0 ppm _ o . culated with constant axgz/appm values (case a) and azfz/appm values as
(10" Fig. 7.3.e. HFP 1300 ppm ralues of coolant boron functions of initial enrichment and burn-up (case b). Calculations at high

worth versus burn-up and initial fuel enrichments.

burn-up values showed, however, only a minor difference between power
distributions calculated with 6252/6 ppm = f (initial enrichment, burn-up)
and azfz/appm = f (initial enrichment, burn-up, ppm concentration level)
- (cases b and c).

From the calculations mentioned above the following conclusions are
drawn: A constant value of atgz/appm, independent of initial enrichment
and burn-up, gives misleading results at higher and high burn-up values.
Coefficients as functions of ihitial enrichment and burn-up (case b) appear
to give good agreement between measurements and calculations, It is not
necessary to use coefficients where the coolant ppm concentration level is

used as a parameter., Coefficients evaluated at a mean ppm concentration

level (~1000 ppm) are sufficient,
Figs. 8.1.f-g show examples of comparisons between Risg calecnlatinne

with poison coefficients as functions of initial enrichment and burn-up (case
b) and Westinghouse calculationsz). On comparison of these results with

figs. 8.1,c-d it is seen that the agreement between Westinghouse measure-

g ments, Westinghouse calculations, and Risg calculations is good, in most

positions within a few per cent.
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Fig., 8.1.h shows the radial assembly form factors versus burn-up.
Again the agreement is good, althcugh at higher burn-up values there is a
tendency for the calculated power distributions to be a little more flat (lower
form factors) than the measurements show.

More detailed information on the calculations mentioned above is given
in ref, 30.

It should be mentioned that the calculations described in this section
are based on CDB cross sections as functions of burn-up, calculated at the
mean box power level (~0.03 MW/cm box). A series of calculations showeda 0)
that the influence of the power level - at which the CDB cross sections to be
used in DBU are calculated - on the power distributions was of minor im-
portance. The difference in power distributions calculated with mean power
cross sections and power level dependent cross sections is even at high

burn-up values of the order of 2%.

8. 2. Critical Boron Concentrations during Burn-up

Fig. 8.2.a shows the Westinghouse measured and predicted ""All Rods
Out' critical boron concentration as a function of core burn-up together
with Risg DBU calculated values. The agreement between Westinghouse
and Risg values is good at higher burn-up values. At small burn-up values
the Risg calculations seem to overestimate the critical boron concentration
by about 1% 3k/k.

8. 3. Plutonium Production during Burn-up

Fig. 8.3.a shows the region burn-up versus average core burn-up,
calculated with DBU. This figure together with fig. 8.3.b, which shows
CDB calculations of the total Pu production in each region versus burn-up,
was used to calculate the specific Pu production in each region as a function
of the average core burn-up (fig. 8.3.d). Similarly figs. 8.3.a and 8.3.c
were used in fig. 8. 3. e, where the ratio fissile Pu/total Pu versus the
average burn-up is given,

For comparison the Westinghouse calculations from ref. 2 are shown

also in figs. 8. 3.d-e,
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Fig. 8.1.a. CY relative power distribution. 2030 MWd/tu.
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Fig. 8.1.d. CY relative power distribution. 9850 MWd/tU.

B . . Fig. 8.1.e. CY relative power distribution. 19730 MWd/tU. DBU cal-
azaz/appm = f (initial enrichment, burn-up).

culations.
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Fig. 8.1.f. CY relative power distribution. No burn-up. Fig. 8.1.g. CY relative power distribution. 12100 MWd/tU.
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Fig. 8.3.a. Region burn-up versus average core burn-up,

Region burn-up,
Mwd/tU
Region 1 (300 °/.)

/

\R'l&ﬁﬂ n ( w */e )

20000+

-zg-

‘\R_giOﬂ m ( 3167 °le )

g

20000
Average core burn-up, MWd/ tU

' 10000

Fig. 8.3.b. Specific Pu production versus burn-up for each region,
3.00°/.
3.264%,

3.67°.

/!

Specitic Pu production, kg /initial
_mﬂr‘lc tonne of uranium metal

7
6
S
3

1 —
20000 Burn-up,MWd/tU

0
10000



Fissile Pu/total Pu versus burn-up. Rise CDB calculations.

'} Fig. 8.3.c.
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9. CONCLUSION

As mentioned in the introduction the calculations reported here were
performed in order to check the reliability of the calculation system in-
cluding the cross section data.

The results obtained are generally speaking quite satisfactory and have
so to speak ''come naturally'" since no special effort, as mentioned in 2.7,
has been made in fitting the cross sections for light-water reactor calcu-
lations.

In conjunction with the results reported in refs, 7, 8, and 11 these

results may inspire a reasonable degree of confidence in the entire calcu-

Average core burn-up MWd/ tU

lation system as regards calculations on light-water power reactors.
However, certain aspects qualify for further research and developinent.

As an example may be mentioned the shortcommings described in ref, 11,
when larger concentrations of plutonium is present, which will be the case

13000

by Pu-recycling. An inkling of these shortcomings is given by the over-
estimation of the plutonium production which appears in figs. 8.3.d-e.

'kgionlj"
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APPENDIX

DANCOFF FACTOR FOR A CELL CONTAINING HEAVY
SCATTERING ATOMS

Consider the case of three regions (fig. 6.1.b), in which one outer
region with volume Vf contains only heavy nuclides giving a macroscopic
scattering cross section, 2?, and one moderator region with volume Vm
containing both light nuclides with macroscopic scattering cross sections,

Efn, as well as heavy nuclides contributing Z;:n to the total macroscopic
scattering cross section L =£¢ + L%
m m m
The third region, the control rod region, with volume Vc, the Dancoff
factor of which is going to be calculated, only appears indirectly in the cal-
culation as it is assumed black, in actual fact provided with a_very high
macroscopic absorption cross section, 10° em™!.
On these premises the slowing down equations for the fluxes {bm and

¢f in the volumes Vmand Vf may in the usual notation be written:

c
a E/a
f m
_ Cc dE'’ c dE®
PV m = PmfVs ?/ D¢ (1-0%) B’ *PhmYm JJ ¢mzm(1_ g
E "o E °m
E/o,s
m '
+ l:.mmvmf ¢m rsn ('_dsE)E, ’
E °m
E/a E/ctc
f m
_ c dE! ¢ dE*
BVely = PyVy f P —<— * PtV f Pl ——
E (1 -ag JE! E (1 -um) E

8

¥ om g8 _ dE'

* PrnVm ¢m m, o8 )E!
E “m

Pij is the probability that a neutron born in region j makes its first
collision in region i.
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When the first and second integral in both equations are treated in the
WR-approximation and the last integral in the NR-approximation, and the
reciprocity relation Vm- SmPﬁn = fof P mf is used, the following ex-

pressions are found:

© s
- m m ]
¢m - meﬁf + me Em Q’m + Pmm !m "E

s

£
- m m.l
@ = Py + mez—m On * merm ) of

From these two linear equations ¢m and Qf can be found and the Dan-
coff factor, dc, for region Vc may then be calculated as:

£° S,
N ((-El M ¢m:;:n» VimPem * gf vacf)/ (T E')

The numerator gives the number of neutrons that hit the surface S of
V. and the denominator the number that would hit the surface S if im-
mersed in an infinite medium with a flat 1 /E-flux. The expression for d
when @ and ¢c are inserted will not contain E.
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